The electronic transport of monolayer graphene devices is studied before and after in situ deposition of a sub-monolayer coating of osmium adatoms. Unexpectedly, and unlike all other metallic adatoms studied to date, osmium adatoms shift the charge neutrality point to more positive gate voltages. This indicates that osmium adatoms act as electron acceptors and thus leave the graphene hole-doped. Analysis of transport data suggest that Os adatoms behave as charged impurity scatterers, albeit with a surprisingly low charge-doping efficiency. The charge neutrality point of graphene is found to vary non-monotonically with gate voltage as the sample is warmed to room temperature, suggesting that osmium diffuses on the surface but is not completely removed.
I. INTRODUCTION
Graphene, an atomically-thin honeycomb lattice of carbon atoms, hosts an electronic system that is inherently unprotected from external influences 1 . Thus, the electronic behavior can be readily altered by proximity to supporting substrates and incidental adsorbates 2, 3 . While such effects generically result in a more disordered or lower mobility electronic system, there is nonetheless much interest in the potential to use surface adsorbates to advantageously alter the electronic properties of graphene. For instance adatoms may yield unusual surface ordering 4, 5 , atomic collapse states 6, 7 , and gate-voltage control of magnetism 8, 9 ; for a review of approaches to develop novel insulating or magnetic states in graphene see Ref. 10 .
A particularly intriguing goal for adatom-decorated graphene is to induce a greater spin-orbit coupling than the native and usually negligible coupling due to C atoms [11] [12] [13] [14] . Indeed, both the quantum spin 15 and quantum anomalous 16, 17 Hall effects are predicted to arise in graphene decorated with heavy elements having a strong intrinsic spin-orbit coupling [18] [19] [20] [21] [22] . As always the devil is in the details: for instance the indium and thallium atoms discussed in Ref. 20 are expected (and for indium, observed 23, 24 ) to donate electrons to graphene. Thus for the required adatom density of a few percent of a monolayer, the Fermi level will have moved far from the resulting topological gap. This leaves the gap inaccessible to measurement by electronic transport, even with techniques for inducing large electric field effects 25 . In contrast, Ref. 21 predicts that osmium adatoms will induce a giant topological gap of order 0.2 eV, and the Fermi level will naturally reside in this gap. This has the exciting potential to yield a robust quantum spin Hall system, and is the primary motivation for this work.
Here we report electronic transport experiments on three monolayer graphene devices onto which we evaporate a dilute coating of Os adatoms, deposited in situ in the ultra-high-vacuum environment of a cryostat. We observe a customary increase in charge carrier scattering, but unexpectedly find the charge neutrality point in graphene to shift to more positive gate voltages, indicating the graphene is becoming hole-doped. This runs counter to expectations 21, 26, 27 , and to all other metal atoms placed on graphene to date including K, Pt, Fe, Ti, Gd, Ca, In, Mg, Au, Ir, and Li 2,23,24,28-33 . Figure 1 illustrates the central result of this work. A monolayer graphene device, D1, was exposed to an Oscovered W wire used as the evaporation source. By passing a current through the wire, Os atoms are caused to evaporate with some landing on the graphene. In two successive evaporations, the charge neutrality point indicated by the resistance maximum ("Dirac peak") is seen to shift upward in gate voltage, indicating that the graphene has become hole-doped. After exhausting the Os source, the current is increased until W atoms from the source wire are evaporated. These donate electrons to graphene, as we have previously observed 34 . Thus we can clearly distinguish the charge-doping behavior of Os from W adatoms.
II. EXPERIMENT
We work with mechanically exfoliated monolayer graphene devices supported on SiO 2 , with several Cr/Au metal contacts defined by standard electron beam lithography and thin film evaporation. The wafers are precleaned using an O 2 plasma and exfoliation is performed on a hotplate to increase the size and yield 35 . For most devices, after fabrication the remnant polymer residues 36 were removed by contact atomic force microscopy "nanobrooming", rastering a tip at 40 nN force and 2 Hz cycle to physically sweep the surface clean 37, 38 . Figure 2 shows AFM images of a typical device before and after brooming, along with a concomitant improvement in the quality of electronic transport. Electronic transport was also measured in devices with contacts directly defined by a shadow mask so that no residues needed to be removed; results in these devices are consistent with those that were broomed. Here we focus on results from three devices: D1, in Fig 1, was used to verify that the prior W adatom electron-doping results were reproducible after the observation of hole-doping by Os adatoms. Device D2 is a monolayer graphene-on-SiO 2 with lithographicallydefined contacts, and was broomed after fabrication. Device D3 is a monolayer graphene-on-SiO 2 with shadowmask-defined contacts.
Electronic transport measurements were carried out in a cryostat equipped with a 14 T superconducting solenoid, with samples mounted on a custom-built stage with independent temperature control. The stage faces downward toward a small thermal evaporator with source support posts machined from tantalum rods, which has a very high vapor pressure so that even at the high temperatures required to evaporate other refractory metals, the supports will not contaminate the deposition. We employ fine W wire sources for evaporation so that high temperatures can be reached while the overall heat load is minimized. As shown in Fig. 3 , the as-supplied 20 µm W wires are annealed by passing a current through the wire in vacuum, and later coated with the desired evaporant; in this case, osmium metal deposited from a plasma source 40 . During evaporation the sample stage temper-ature slowly increases from 4 K to between 20 and 40 K depending on how long the evaporation is carried out. After deposition the sample is allowed to cool back to 4 K before proceeding with standard low-frequency lockin measurements of electronic transport. In the primary device studied here, D2, we alternate evaporation steps with annealing cycles, where the sample temperature is cycled to 270 K and back to 4 K for measurement.
III. RESULTS
In Figure 4 we show the conductivity vs back gate voltage in a monolayer graphene device for a series of evaporations and thermal anneal cycles. The as-made device shows essentially no extrinsic doping, with the conductivity minimum σ min located at V g =0. With each successive evaporation, the minimum conductivity is seen to shift toward positive gate voltages, indicating that the Os adatoms act as acceptors, leaving holes behind in the graphene. By the second evaporation step, the minimum conductivity has moved beyond the safe gate voltage range and can only be inferred by a linear fit to the σ(V g ) relation; clearly this is somewhat complicated by the presence of a small dip in the conductivity in the neighborhood of V g =−20 V. In the present work we simply draw a line along the conductivity data that passes over this dip, and determine the charge neutrality point Top: monolayer graphene-on-SiO2 device before (left) and after (right) nano-brooming via contact atomic force microscopy. A significant decrease in roughness is observed after sweeping remnant fabrication residues away 37, 38 . Bottom: the brooming procedure results in improved transport, as the mobility is linearly dependent on the conductivity. location as the intersection of this line with the V g axis at σ=0. There are two additional features: first, the annealing steps significantly impact both the position of σ min and the the slope of σ(V g ); and second, the slope generally becomes shallower as the experiment progresses, indicating that the device mobility is on the whole decreasing. The detailed behavior is intriguing. The first anneal shifts σ min further to the right and decreases the slope, while the following evaporation (evap 2) significantly shifts the location of σ min but barely changes the slope. The second anneal impacts the mobility-reducing the slope of σ(V g )-but barely changes the location of σ min . We collect these observations in Fig. 5 where we plot the shift of σ min (that is, the effect of charge doping) relative to the as-made device by ∆V g =V g (σ min )−V g0 , as a function of the change in scattering rate given by the difference in the inverse mobility. Each data point is marked as either an evaporation or annealing step. A pattern emerges in which at each step the device state moves upward to the right in a zig-zag fashion, as each step appears to prefer-entially impact either the charge doping or the mobility. Indeed after the initial decrease in mobility from the asmade device, the mobility decreases at each annealing step but, counterintuitively, is seen to increase at each new evaporation.
A power law relation is often assumed between ∆V g and the inverse mobility, ∆V g =(µ −1 −µ −1 0 ) b , where µ −1 is proportional to the scattering potential. The exponent b can be related to the dominant scattering mechanism, e.g. b ≈ 1 represents Coulomb scattering by impurities located a small distance above the graphene plane 2,41 . In Fig. 5 we show two fits, with the dashed (solid) line fitting just the evaporation (annealing) step data, for which b=1.1 (1.2). This is close to the 1.2−1.3 seen for K, or 1.4 for In, and a bit above the range of 0.64=1.1 for Ti, Fe, and Pt adatoms 2,28,34 . It suggests that although Os has different sign of charge doping than other metals, the mechanism is similar in that the ionized Os adatoms act as Coulomb scatterers.
Next we examine the scattering times extracted from the electronic transport. From the conductivity we extract the momentum scattering time τ µ =σ/(2e 2 k F v F /h), and from the envelope of the Shubnikov-de Haas oscillations observed in finite magnetic field, we extract the quantum scattering time, τ q . The details of this procedure are discussed in Ref. 34 . The ratio τ µ /τ q of these characteristic times, commonly used to distinguish between scattering mechanisms 42, 43 , is shown in Fig. 6 as a function of carrier density for the evaporation and annealing steps. The ratio shows the same sort of back- and-forth behavior apparent in Fig. 5 due to the mobility decreasing for anneals yet increasing after evaporations. On the whole, the ratio decreases by roughly a third from its initial values in the as-made device. We use a theory of Hwang & das Sarma to predict the ratio for scattering by isolated Coulomb impurities located a distance d above a perfectly flat graphene plane, for d = 0.3, 1 and 3 nm 42 . Interestingly, the data suggest that Os adatoms lie very close to the graphene surface, as expected from density functional theory calculations 26 .
Finally we examine the annealing behavior. In prior studies of K and In adatoms, it has been found that the effect of adatom deposition is reversed upon warming to room temperature, although whether by desorption or migration to the edge or into clusters is not known 23, 44 . Osmium adatoms show a distinct behavior, illustrated in Fig. 7 in a plot of the 2-terminal resistance of a third device, D3: as the sample temperature is raised, the location of σ min shifts first to higher gate voltages-and in fact moves beyond the accessible V g range-before returning into view above approximately 140 K. Unexpectedly, above 170 K, σ min ceases to shift and, in particular, has not returned the sample to its pristine state. During this motion, the peak resistance increases from 10.3 kΩ to 12.7 kΩ. (Device D2 showed similar behavior but the V g range was more restricted.) Overall this behavior suggests the relation between annealing and evaporation steps seen earlier depends upon the annealing temperatures reached: annealing to lower temps will result in a significant shift in σ min to positive V g , whereas annealing to higher temperatures can reverse the motion to more negative V g . The reason for this motion is not yet clear. However, it surely depends in part on the site-dependent binding energies, which have been calculated by density functional theory 21, 26, 27 . While K and In are both most strongly bound at the hollow site of the graphene honeycomb, they have migration energies of 120 and 20 meV, respectively, and so at room temperature are relatively free to move. Osmium is also strongly bound to the hollow site, but with a larger barrier to migration of 750 meV. However, during evaporation the Os adatoms arrive with a random distribution over the surface, and may not necessarily fall into the hollow site. Other locations have lower binding energies, so that warming will drive the adatoms to the lower energy hollow site. This may account for the initial upshift of σ min with increasing temperature. On further increase, the Os adatoms will become mobile with a diffusion rate given by
where D 0 is a prefactor we estimate to be 7×10 −3 cm 2 /s 45 , and E m is the energy barrier to migration. From this we find that Os adatoms achieve a hopping rate of one site per second right at room temperature. These estimates are very sensitive to the energy scales; if we use the data in Fig. 7 which imply Os adatoms become mobile near 140 K, then the migration energy would be approximately 360 meV. In either case, the atoms are immobile at 50 K and below. Of course, the adatoms may also directly desorb into the vacuum, or upon migrating may rapidly join into clusters, which are likely to impact the observed behavior.
IV. DISCUSSION

A. Os adatom density
Each of the three evaporations in Fig. 4 exhausted the Os supply from a W wire source with a coating that ranged from 1 to 2 µm thick, as measured in a scanning electron microscope. The source wires are 1 cm long and located ≈4.4 cm away from the graphene device. A simple geometric estimate for the deposited Os adatom density can be made, yielding approximately 3×10 14 cm −2 per evaporation, or an 18% coverage (adatoms/unit cell). Meanwhile, the shift of σ min vs V g can be converted into a charge doping density via the known voltage gating efficiency for these samples, n=7.2×10 10 cm −234 , so for instance the 43 V shift of the first evaporation corresponds to an addition of 3.1×10 12 cm −2 holes, or a doping efficiency of 0.01 holes/Os adatom. This is rather lowerand of opposing sign-than the 0.3 − 0.6 electrons/atom expected from DFT calculations 21, 26, 27 .
One possibility for the low doping efficiency is that the Os adatoms form clusters upon landing on the graphene. The atoms are evaporated from a hot W wire with a temperature approaching 3000 K 39, 46 , and likely cool by emission of phonons in the graphene, during which the adatom is able to traverse the surface. Clusters of metal atoms on graphene are known to have a much lower charge-doping efficiency 47, 48 ; and clustering may also inhibit the ability to observe the effects of an induced spin-orbit coupling 49 . However, clusters will tend to favor small-angle scattering processes 47 and thus one should expect an enhanced ratio of τ µ /τ q rather than the reduced ratio appearing in Fig. 6 .
We must note a potential caveat: the Os coating on the 20 µm W wires is fragile and readily flakes off, so we cannot rule out that part of the Os (though clearly not all) may have fallen off during handling and loading of the wires. In that case, the deposited density would decrease, and the doping efficiency increase.
B. Hole-doping and deposition of osmium
The ability of adsorbed molecules to cause p-type doping in graphene has been known for some time 50 . As noted above, however, metallic elements have only been seen to donate electrons, and DFT calculations find that Os should gain a positive charge on graphene, leaving the graphene more negatively charged. Thus an obvious concern is whether we have actually deposited osmium metal as opposed to, say, an oxide. On the whole, this seems unlikely. The chief oxide of osmium is tetravalent OsO 4 , a highly volatile solid with a melting point of 40 • C. In fact the osmium metal is plated on the W sources using plasma coating from an OsO 4 precursor. However if any remains on our sources, it will be rapidly pumped away during evacuation of the cryostat prior to cooling, or during the inspection by scanning electron microscope which is carried out on all sources (e.g. to measure the initial wire diameter). The presence of Os metal on the sources was confirmed by EDX spectroscopy. Finally, the W wire sources could be a source of contamination. However, W adatoms are known to donate electrons to graphene (see Fig. 1 ), the W is buried under the Os coating, and moreover at high temperatures the vapor pressure of W is ≈20 times lower than Os; so overall this is not a likely culprit. The vapor pressure of the Ta supports for the evaporation sources is midway between Os and W, and moreover these are far more massive (having a diameter of 0.125" compared to 20 µm) and directly coupled to the cryostat, so incidental Ta deposition is extremely unlikely. We maintain the sample stage and evaporator posts to keep them in clean condition, and have not encountered trouble with unwanted deposition in previous experiments 34 . We conclude that we are depositing osmium metal, and that osmium donates holes to graphene.
C. Interpretation of transport characteristics
Several features of the transport are consistent toward Os adatoms acting as charged impurity scattering centers: the linear relation of σ and V g , the linear relation of ∆V g and µ −1 , and the behavior of τ µ /τ q . However, the extremely low charge doping efficiency, and the unexpected hole doping, strongly suggest that Os behaves qualitatively different from other metallic adatoms; in which case it is possible that alternatives to the basic model of scattering by charged surface dopants can explain our observations. Understanding the origin of the hole-doping will likely be key to solving this mystery.
V. CONCLUSION
In conclusion, we have performed electronic transport studies of graphene with a dilute coating of osmium adatoms. The osmium is found to donate holes to graphene, and to have a surprisingly small charge doping efficiency, both counter to expectations. We find that otherwise the graphene transport is impacted in similar fashion to other metallic adatoms, in that the scattering appears consistent with isolated Coulomb impurities a small distance above the surface. While motivated to study Os adatoms due to the potential for inducing a strong spin-orbit coupling, further experiments are planned to explore this possibility.
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